Introduction
Lithium metal phosphates are promising polyanion cathode materials for lithium-ion batteries, owing to their inherent merits such as low cost, decent electrochemical properties, high stability and environmental benignity. However, these merits have oen been undermined by insufficient energy and power delivery due to the extremely low conductivity of phosphates at room temperature and poor Li + intercalation/deintercalation kinetics.
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By doping, carbon coating and nano-sized morphology design, the olivine LiFePO 4 (LFP) cathode material has been utilized in power batteries for electric vehicles/hybrid electric vehicles in modern society. Due to its higher potential plateau of 4.1 V vs. Li/Li + as compared with LFP (3.45 V), olivine LiMnPO 4 (LMP) possesses a 20%-higher theoretical energy density than LFP. Moreover, it matches the stability window of conventional carbonate ester-based electrolytes. However, LMP suffers from the drawbacks with even lower intrinsic electronic conductivity (<10 À10 S cm À1 ) than those of LFP (>10 À8 S cm À1 )
and Jahn-Teller lattice distortion at Mn 3+ sites, thus leading to lower specic capacity and poorer cycle ability.
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Up to now, various strategies have been adopted in efforts to promote the electrochemical performance of LMP, such as strict carbon coating, minimizing particles size, and Mn-site substitution. Substituting the Mn site with Fe has been found to be extremely effective for improving the electrochemical performance. [8] [9] [10] Various LiMn 1Àx Fe x PO 4 materials have been reported and the effect of iron substitution is proven. 
Structure and morphology characterization
The phase compositions of cathode materials were characterized by powder X-ray diffraction analysis (XRD, Bruker D8 Advance) with Cu Ka radiation, operating at 40 kV Â 40 mA with scanning rate of 0.25 min À1 or 6 min À1 . Rietveld renement was carried out by GSAS soware package. 23 Inductively coupled plasma (ICP, Thermo sher Scientic iCAP7600) atomic emission spectrometry analysis was used to analyze the elemental composition of Li, Mn, Fe and P. The morphologies were observed using a eld emission scanning electron microscope (FESEM, HITACHI S-4800). And the ne structure of materials were observed by a high resolution transmission electron microscope (HRTEM, JEOL 2100F). The carbon contents in the samples were measured by equipment of high frequency infrared ray carbon sulfur analyzer (CS-206 Shanghai Baoying). The electronic conductivities were measured at room temperature by four-probe dc technique (RTS-8, Guangzhou 4 probes).
Cylindrical pellets with diameter of 12 mm of synthesized materials were prepared under a pressure of 10 MPa. X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD spectrometer) was examined to identify the oxidation state of Mn and Fe of composite materials. The data were converted to VAMAS format and processed using Casa XPS soware.
Electrochemical measurements
The electrodes consisted of LiMn 1Àx Fe x PO 4 /C materials, Timcal Super P, and polyvinylidene uoride (PVDF) in the gravimetric ratio of 8 : 1 : 1. Polyvinylidene uoride (PVDF) as a binder was dispersed in N-methyl-2-pyrrolidone (NMP) rstly. The resultant slurry was coated onto aluminum foil and dried in vacuum oven at 120 C for about 12 h. The electrode sheet was punched into F 12 mm diameter discs as a cathode. The active material loading in the electrodes was ca. Results and discussion
Crystal structures and ICP element analysis
LiMnPO 4 and LiFePO 4 belong to the olivine crystal structure and possess similar X-ray diffraction (XRD) patterns. Fig. 1a shows (Fig. 1b) . The ne movement of the peaks of XRD patterns proves that the iron gradually occupies the sites which have been occupied by Mn 2+ ion. The right shi behavior is associated with the fact that the ion radius of Fe 2+ (0.78Å) is smaller than Mn 2+ ion (0.83Å). 24 The basic crystal lattices parameters of a, b, c and V are obviously decreased with the increased iron proportion (Table S1 and Fig. S1 †) . It gives a strong evidence to prove that the LiMn 1Àx Fe x PO 4 materials are in a solid solution state.
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The crystal structure of LiMn 1Àx Fe x PO 4 materials is shown in Fig. 1c and d . Polyanionic framework is constructed by the tetrahedral motifs of PO 4 and octahedral groups of LiO 6 and MO 6 . The neighboring MO 6 octahedrons share common corners with each other. Neighboring LiO 6 octahedrons share the edge forming chains in the b-direction. Each tetrahedral PO 4 shares edge with two neighboring octahedral LiO 6 and shares corner with two other neighboring LiO 6 . [26] [27] [28] [29] The atomic positions, such as LiMn 0.7 Fe 0.3 PO 4 , were calculated by Rietveld structure renement (Fig. 1e and Table S2 †) .
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Fe substituting usually happens in 4c-site which is occupied by Mn ion. However, the cation antisite defects could be arisen, so that a slight amount of Fe/Mn ions (<1%) could occupy 4a site, while Li ions occupy 4c site. So the synthesized route should be strictly controlled to limit the antisite defect. 
Morphologies
The morphologies of LiMn 1Àx Fe x PO 4 /C series were observed by SEM and TEM testing. SEM images in Fig. 2 reveal the nanoparticle distribution of LiMn 1Àx Fe x PO 4 /C (x ¼ 0-1) materials. LiMn 1Àx Fe x PO 4 /C (x s 0, 1) samples present the particle sizes with a width of ca. 50-80 nm and a length of 60-200 nm, notably smaller than those of LiMnPO 4 /C and LiFePO 4 /C. The LiMnPO 4 /C shows two kind of particle shapes (Fig. 2a) , in which the larger particle sizes are ca. 70 nm in width and 100-360 nm in length, and the smaller ones show shorter length of ca. 70 nm. For LiFePO 4 /C, the primary particles sizes are ca. 50 nm in width and ca. 100 nm in length, and they are assembled to the secondary particles in spindle shape with ca. 100 nm in width and ca. 430 nm in length (Fig. 2j) . Iron doping into LiMnPO 4 leads to smaller particle size. In particular, when iron proportions are in arrange of 0.20-0.30, the particle size distributions are more even.
When iron proportion increases to 0.40, some particles become longer. The element analysis was further analyzed by SEM-EDX. The basic composition of LiMn 0.75 Mn 0.25 PO 4 /C excluding lithium is shown as an example in Fig. S2 , † where the molar ratio of Mn : Fe is 15.04 : 5.02, i.e. nearly 3 : 1, matching to the structural formula of the molecule.
The TEM observation further conrms the particle sizes of LiMn 0.7 Fe 0.3 PO 4 /C with the width of ca. 40-50 nm and length of 120-160 nm (Fig. 2k) . As shown in the Fig. 2l , the particle surface was uniformly coated by a thin carbon layer with the thickness of ca. 2 nm. Thus the electronic conductivities can be enhanced greatly aer carbon coating. Through the highresolution TEM, the clear crystal lattice with an interplanar spacing of ca. 3.0Å is displayed, which can be referred to the crystallographic direction of (200) 642 eV appealed in the spectrum are attributed to Mn 2p 1/2 and Mn 2P 3/2 , respectively. There is a "shake-up" satellite peak at 646.7 eV belonged to Mn 2P 3/2 . Peaks at 725 eV and 711 eV are attributed to Fe 2P 1/2 and Fe 2P 3/2 , respectively.
Electrochemical performances
The voltage-capacity proles of LiMn 1Àx Fe x PO 4 /C materials are compared in Fig. 3 . As expected, there is only one discharge voltage plateau of LiMnPO 4 /C and LiFePO 4 /C materials at ca. 4.0 V and 3.45 V in the Fig. 3a and f (Table 2) .
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The electrochemical cycle performances of LiMn 1Àx Fe x PO 4 /C at various compositions and current rates are shown in Fig. 4a and b. It can be concluded that partial substitution of iron to manganese in LiMnPO 4 can signicantly improve the electrochemical performance and LiMn 1Àx Fe x PO 4 /C materials for x value in the range of 0.20-0.30 show better electrochemical performance. Especially, the LiMn 0.7 Fe 0.3 PO 4 /C demonstrates the best performances in the cycle, rate and energy density tests. Its capacity retention at 0.1C reaches 94% for 50 cycles with initial discharge capacity of ca. 167 mA h g À1 which nearly approaches its theoretical value. The electrode exhibits excellent rate capability. In Fig. 4b , it delivers 162.6 and Fig. 3 Discharge rate capability of LiMn 1Àx Fe x PO 4 /C with (a) (Table S3 †) . 42, 43 The former one owns better conductivity property, beneting and corresponding with it superior electrochemical performance evidently.
The electrochemical performances of the materials are excellent, even superior to that the aforementioned reports as compared in Table 2 . The high capacity, excellent cycle and rate performances can be attributed to short Li + ions diffusion pathway of the nano-sized particles, thin and even carbon layer coating for enhanced electronic conductivities and iron ions substitution for depressed John-Teller effect. 4 /C. The high capacity and impressive rate performance can be attributed to nanoscale and even particle distribution, uniform thin-layer carbon coating and iron ions substitution. They are promising for practical application in power lithium-ion batteries. 
Conclusion

